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SYMBOLS AND ABBREVIATIONS 
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V 
W 
P 

Q 

R 

X 

V 
Z 
$ 
0 

V 





l a 

m a 

n a 

V T 

T 

q 



oc 



S 



Linear Velocity along body x axis 
Linear Velocity along body y axis 
Linear Velocity along body z axis 
Roll rate 
Pitch rate 
Yaw rate 

Aerodynamic force in body x direction 
Aerodynamic force in body y direction 
Aerodynamic force in body z direction 
Bank angle 
Pitch angle 
Yaw angle 

Earth coordinate of missile (Latitude) 
Earth coordinate of missile (-Longitude) 

Earth coordinate of missile (Altitude) 

Rolling Moment about x axis (Aerodynamic) 

Pitching moment about y axis (Aerodynamic) 

Pitching moment about z axis (Aerodynamic) 

Total missile velocity 

Thrust 

2 

Dynamic pressure (tpV^ ) 

Angle of attack 
Side slip angle 
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C 

c 
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D 
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C 
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CT 

O 

ST 

DIN 

n 

z 
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n z 

n I 
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Flight path angle (0 + «) 

Air density (0.002377) 

Wing area (12 ft.^) 

Wing span (8.485 ft.) 

Mean aerodynamic chord (1.414 ft.) 

Elevator Deflection 
Aileron Deflection 
Rudder Deflection 
Left Stabilator Deflection 

Right Stabilator Deflection 

Lift force 

Drag force 

Normal force 

Chord wise force 

Missile mass (68.38 slugs) 

2 

Acceleration due to gravity (32.17 ft/sec") 
Static coefficient 
Dynamic coefficient 

Normal load factor (body fixed axis system ) * 
Lateral load factor (body fixed axis system)* 
Vertical load factor (earth fixed axis system)* 
Horizontal load factor (earth fixed axis system) 
Perturbed linear velocity x axis 
Perturbed linear velocity y axis 

7 \* 

Perturbed linear velocity z axis 
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p 


Perturbed angular velocity about x axis 


q 


70 

Perturbed angular velocity about y axis 


r 


?c 

Perturbed angular velocity about z axis 


4> 


70 

Perturbed Euler angle $ 


0 


y_ 

Perturbed Euler Angle 0 




Perturbed Euler Angle T 




Laplace transforms of these variables are shown 
in capital letters 


SS 


SUBSCRIPTS 

Steady State 


E 


Earth 


B 


Body 


x, y, z 


In body fixed axes 


X,Y,Z 


In earth fixed axes 


T 


Due to thrust/ Target 


A 


Due to Aerodynamic Forces 


xx, yy , zz 


About the axis specified 


ST 


Steady State 


DYN 


Dynamic 


EL 


Eleration 


AZ 


Azimuth 


c 


Commanded 
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I. INTRODUCTION 



The relative merits of bank-to-turn versus skid-to-turn 
missiles have been argued for years. Bank-to-turn missiles 
which must roll to a commanded bank angle before a lateral 
acceleration can be commanded in the appropriate direction are 
inherently slower to respond to target maneuvering than 
skin-to-turn missiles of comparable lateral acceleration 
capabilities. This is particularly true if the bank-to-turn 
missile has limited roll authority or limited roll rate 
capability. On the other hand, as discussed in Gonzalez, 

{Ref. 1), it is sometimes difficult to build a skid-to-turn 
missile which meets certain operational goals and performance 
criteria and also has sufficient control authority in both 
the y and z directions to generate the large lateral accel- 
erations required to perform skid-to-turn. 

In this thesis the terminal guidance accuracy of a 
bank-to-turn cruise missile is studied for a sea launched, 
sea target cruise missile of conventional wing-tail config- 
uration. It is assumed that roll authority is extremely 
limited due to operational design restrictions which impose 
the use of low authority ailerons or differential stabilator 
(no ailerons) for rolling. Lateral acceleration is also 
assumed to be extremely limited in the y direction due to 
the presence of only a small vertical surface at the tail 
(vertical stabilizer and rudder). 
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Two bank-to-turn guidance schemes are compared for 
accuracy against a medium sized combatant ship employing 
electronic countermeasures (an ECM blinker mounted aft on 
the ship). The first baseline scheme employs a pop-out 
maneuver consisting of a low altitude run in, azimuth offset, 
pop-up and roll into the target using proportional navigation 
in azimuth and elevation. The second, or sea-skimmer scheme, 
employs a straight-in low altitude attack. Miss distances 
for both schemes are compared while varying missile roll 
rate limit, SCM blinking frequency and burn through ranges. 

A CSM P III simulation was coded to perform the study. 
Missile dynamics were represented by 6 degree of freedom 
nonlinear equations of motion with table look-up aero- 
dynamic coefficients. These coefficients are representative 
of a generic cruise missile with a conventional wing- tail 
configuration of limited roll authority. Inner loop 
augmentation and autopilot modes were designed to improve 
missile damping in all axes, provide commanded load factor, 
commanded bank angle, and turn coordination. Autopilot 
outer loops were designed to provide altitude hold, and 
vertical flight path angle hold. Guidance loops were designed 
to provide proportional navigation in elevation and azimuth. 

Since this study involves the influence of flight 
dynamic parameters (roll rate limits) on terminal guidance 
accuracy, no extensive tracker modeling is employed in the 
simulation. It is assumed that the seeker always tracks 
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the point target perfectly. The point target is, however, 
moved by an ECM blinker and contaminated with a glint model. 

In Chapter II the equations used to represent missile 
dynamics are presented along with the methodology used to 
build up aerodynamic forces and moments. In Chapter III 
the development, design and simulation of the missile auto- 
pilot modes are presented. In Chapter IV the design of the 
guidance systems and a complete description of the two 
guidance schemes is presented. In Chapter V the CSMP 
simulation is presented followed by the results and conclusions 
of this study. 
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II. DEVELOPMENT AND SIMULATION OF MISSILE DYNAMICS 



In this chapter the linear and nonlinear mathematical 
models are developed which are used to describe the flight 
dynamics of a generic bank-to-turn cruise missile. The 
linearized mathematical model of missile dynamics is used 
to design the missile autopilot control laws and guidance 
laws. The nonlinear mathematical model is used to accurately 
represent missile dynamics in a CSMP computer simulation of 
a sea launched generic cruise missile attacking a medium 
sized combatant ship. Since the purpose of this investigation 
is to perform a detailed evaluation of terminal control 
laws, it was decided that a linear dynamic simulation would 
not adequately represent missile motion; hence a full six 
degree of freedom (6 DOF) nonlinear dynamic simulation was 
encoded. The overall system that is modeled in this study 
is depicted in block diagram format in Figure 2-1 and will 
be developed in this thesis. 

A. MISSILE EQUATIONS OF MOTION 

The full nonlinear six degree of freedom rigid body, 
dynamic equations of motion are used to represent the motion 
of a generic bank-to-turn cruise missile. The aerodynamic 
forces and moments are built up from representative tabular 
coefficient data for the generic missile. These tabular 
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data are given in Appendix A in graphical form along with the 
generic missile’s physical and geometric characteristics. 

1 . Assumptions 

The assumptions used in the development of the 
equations of motion are given below. 



a . 


The earth is flat, does not rotate, and is fixed 


in inertial 


space . 


b. 


The mass of the missile is constant. 


c . 


The missile is a rigid body. 


d. 


The mass distribution of the missile is constant. 


6 • 


Engine angular momentum is neglected. 


f . 


The missile is symmetric about the body's xy 



plane. Therefore, the products of inertia I and I are 

d d 



zero . 




g- 


The engine thrust line is parallel to the missile 


body x axis. 


. Thus, the thrust components T and T are 

F y z 


zero . 




h. 


The density of the atmosphere is constant. 


i . 


The engine thrust line passes through the missile 



center of mass. Therefore, the moments due to thrust L^, 
Mrp and are zero. 



j • 


The wind is calm. 


k. 


Right aileron trailing edge down is positive 


deflection . 


Negative elevator deflection yields nose up 



pitching moment (positive). 



21 




22 



Figure 2-1 Missile System Flow Diagram 




2 . Coordinate System 



An earth fixed coordinate system is establi shed _ wi th 
its origin fixed at the initial position of the missile. The 
Xt-, axis points to true north, the Y,-, axis points east, and 

Hj Hj 

the Zg axis points toward the center of the earth. Altitude 
(H) therefore equals the negative of Zg. The system is 
considered to be an inertial system. 

A stability axis coordinate system is used with 
coordinates x, y, z fixed at the missile center of mass and 
oriented such that the x axis lies along the vehicle's 
forward velocity vector in steady state balanced cruise 
flight at 0.75 Mach number. The y axis is chosen perpendicular 
to the plane of symmetry and is oriented out the right wing. 

The z axis is chosen perpendicular to the x axis in the down 
direction and in the plane of symmetry. 

3 . The Equations of Motion 

The following nonlinear equations as developed by 
Hewett {Ref. 2} describe the motion of the missile in 



6 degrees of freedom. 

m (U-VR+WQ) = -mg sin 0 + X + T (la) 

m (V+UR-WP) = mg sin $ cos 0 + Y (1b) 

m (W-UQ+VP) = mg cos $ cos 0 + Z (1c) 

PI - ( R+PQ ) I + RQ ( I -I ) = L. (2a) 

xx xz ^ zz yy A 

QI +PR(I -I ) + (P 2 -R 2 )I = M. (2b) 

^ yy xx zz xy A 

RI -PI +PQ ( I -I ) +QRI = N a (2c) 

zz xz ^ yy xx xz A v y 
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<1 = P+(Q sin $ + R cos <f> ) tan 0 (3a) 

0 = Q sin $ - R sin 0 „ (3b) 

= (Q sin $ + R cos § ) sec 0 (3c) 

Equations (la), (1b) and (1 c) describe the transla- 
tional motion of the missile. Equations (2a), (2b), and 

(2c) represent the rotational motion. Equations (3a), 

(3b) and (3c) are the Euler relations for bank, pitch and 
yaw angles. 

Equations (4a), (4b), and (4c) describe the missile's 

position referenced to the earth fixed system (X v , , Zg). 

= U cos fcos 0+ V( cos*F sin0 sin$ - sin^ cosO ) (4a) 

t W ( cosT sin0 cosb+ sin^sinO ) 

Y^ = U sin fcos 0+ V ( sinT sin0 sinO+ co sT co sO ) (4b) 

+ W ( sinl* sin0 co sO - cos^sinb ) 

Z^ = Usin0- Vcos0 sin$-Wcos0 cosb (4c) 

Ei 

Equations ( 5 ), (6) and (7) are also required. 

Equations (5) and (6) yield angle of attack and side slip 
angle respectively in terms of velocity components U, V and 
W. Equation (7) represents the total velocity of the missile. 
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ar ctan 



arctan 



W . W 

— tt ~ " arcsin ?? — i 

(u 2 +w 2 ) 5 

V _ V 

p ** 3.rc sin /-\ ^ ^ l 

U~+w (u +V +W ) 2 

= (U 2 +V 2 +W 2 )2 

V T 



( 5 ) 

( 6 ) 

(7) 



Figure 2-2 illustrates the positive directions and 
locations of forces, moments and velocities in the body 
coordinate system (x, y, z). 
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Aerodynamic and Thrust Moments 



Linear and Rotational (Angular) 
Velocities 



Figure 2-2 Body Coordinate System Description 
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Equations (la), (1b), (1c) and (2a), (2b), (2c) can be 

rewritten in state format as follows: 



Cr = -gsine + VR-WQ + -jj- + jjj- 

V = gsin$ cos 0 -UR+WP + 



(8a) 

(8b) 



W = gcos$cos 0 +UQ- VP + 



P = 



L.I +N.I -PQ ( I -I -I ) I -RQ ( I 2 -I I +I 2 ) 
A zz A xz yy xx zz xz ^ zz yy zz xz 



(I I -I ) 

XX zz xz 



Q =^M.-PR(I -I )-(P 2 -R 2 )l 
^ A xx zz xz 



R = 



/ I 



yy 



L.I +N.I -PQ ( I I -I 2 -I 2 ) -RQ ( I +1 -I )I 
A xz A xx yy xx xx xz xx zz yy xz 



(8c) 

/ 

(9a) 
(9b) 
/ 



(I I -I ) 

XX zz xz 



(9c) 



Now integrating equations (3), (4), (8) and (9) results 

in U, V, W, P, Q, R, -J>, 0, T , X„i Y ? and Z-, (-H). The 

Hj Hi ill 

missile's velocities, angular rates, and angles and positions 
have thus been described. 

4. Trim Equations 

For straight and level flight at constant velocity 

• ••••• 

the following variables are all zero: U, V, W, P, Q, R, 

* Y SS’ Y SS’ 

Thus the trim equations reduce to: 



$, e, t » 2 e , ? ss , q ss , r ss , o ss , l a ss ' -'a 33 



3 SS’ V SS’ M A 



SS 



X cc +T = mg sinQ 
SS x 5 



SS 



Zgs = -mg cos 0 



SS 
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X E q s u ss 00 ^ss CGS0 ss~ ' / ss sin ' i, ss + w ss C0S ‘ i ’ss sine ss 



t-r-, = U tic ,sint' c , c , cosGpp + VpcCos^p+WppSin’fpcSine 

J SS 



& nn ss^^ss^^ss' u ss^ WOI ss' ''SS^ liT SS^ lxw SS- 



tan0 SS w ss^ u ss 



v r 



= (U 



ss 



ss 



+ w 



1 

9 



ss 



Since bank angle equals zero and the sura of flight 
path angle and angle of attack equal the pitch angle, then 
in steady state pitch angle equals angle of attack. 

0 = cc 

SS SS 



These equations are used to define the initial cruise condi- 
tion of the missile which is low level straight and level 
cruise flight at 0.75 Mach number. The precise initial 
flight condition and initial target position is described in 
Appendix 3. 



5 . Other Useful Relations 

Components of load factor at the missile center of 
mass in the y and -z directions are given below: 



n 

z 



zL 

rag 





(10a) 



V, 



n 



(3 + R) 



y nig g 

6. Definition of Controls and Control Limits 



(10b) 



The control configuration considered in the thesis 

is a conventional wing and tail with conventional rudder 

( £ ) * aileron (§) and elevator (n) control surfaces. 

addition, to cover a missile configuration which uses 
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differential horizontal stabilizer (stabilator) for roll 
control as opposed to aileron, the quantities left stabilator 
deflection (h^) and right stabilator deflection (n^) are 
defined and calculated. 

Limits are imposed on rudder, elevator, and aileron 
travel. Limits are not imposed on differential stabilator 
travel but stabilator travel is presented for all simulations 
to show the stabilator travel required if indeed that were 
the control configuration. The aileron power coefficient 
data presented in Appendix A reflects the limited control 
authority in roll typical of a missile configured with 
differential stabilator for roll control as opposed to 
aileron . 

The following control definitions and limits are 

applied : 

a) Thrust (T) is a constant and is oriented along 
the x axis. 



T = T = constant 

x dV 

b) Rudder deflection (<;) is defined as positive 
trailing edge left from the rear and is limited to 

" -15° < C < 15° 

c) Elevator deflection (n) is defined as positive 
trailing edge down (produces a nose down moment) and is 
limited to 




- 15 ° 



< n < 15 
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d) Aileron deflection (C .) is defined as positive 
with trailing edge of the right aileron up (produces a 
positive (clockwise £ron the rear) roll) and is limited to 

r :CK 

-15 < £ < 15 ° 

e) Left horizontal stabilizer deflection ( r\. ) is 

1 j 

positive trailing edge down. 

u L = n t € 

f) Right horizontal stabilizer deflection (n^) is 
positive trailing edge down. 



n R 



n 



- € 



3. AERODYNAMIC COEFFICIENT BUILD T JP 

Aerodynamic forces and moments are built up from coeffi- 
cient data in standard fashion using the following relations: 



D = 



C-p. q 3 



n 



I = 






= C M qSc L , = C-, qS’ 

1 . Definition of Coefficients 



N 



C a o o 
n - 



Each coefficient is partitioned into two parts; a 
static term and a dynamic term as follows: 

^D = ^D + ^D 

j _> ST u DYN 

C L = C L + C L 
L "ST L DYN 

= ^y * 

1 ST 1 DYN 



C = C + C 
m m ST m QIN 



C n = C 1 + Cp 

^ST DYN 
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2 . Coefficient Build Up 

The static terms are constructed from coefficient 
data stored in tables (Appendix A) as functions of two or 
three variables (either «, (3, M, p, ?»?) as follows: 



C L 

basic 


= f («, 3 ,M) 


AC T (p) 

l st 


= f ( cc, 3, p) 


basic 


= f 


AC n (p) 
J ST 


= f ( a, 3, n) 


AOt-j ( ? ) 

oT 


= f (cc, 3,5) 


ACq ( 5 ) 

ST 


= f ( cc, 3 , 5 ) 


C Y, . 
basic 


= f ( cc, 3) 


AC y (5) 

l st 


= f ( cc, 3, 5) 


ACy ( ?) 

X ST 


= f (cc, 3,5) 


C 

m basi c 


= f ( cc, 3 , M) 



AC ( p) = f ( cc, 3, p) 

m ST 



. e|-et 
^ • pv\ kkty 

c, le^r) 



C n = f (oc, 3) 

basic 

AC (5) = f ( O t, g, 5) 

n ST 

AC (5) = f («, 3 ,^) 

n ST 
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= f («, 3) 



u 



1 



basic 



U) = f («,e,c) 



’ST 



C-, (c) = f (°s3,c) 

^ST 



The static coefficients are formed as: 

C T = C T + AC t (n) 

L ST L basic 

C n = C n +AC ( n) + AC n (C)tAC n (c) 

U ST J basic U ST U ST ^ST 

C v = C y + ACy U) + AC Y (£) 

X ST 1 ba s i c X ST X ST 

C = C + AC (n) 

m ST m basi c m ST 



C n ~ ^ n 



+ ACin (C) + AC n ( z) 



n ' n 

ST basic ST ST 



C-. = C, t AC, ( C) + AC, ( C) 

X ST ^basic oT ^ST 



The dynamic terms are constructed from dynamic 
coefficient data stored in tables (Appendix A) as a function 
of angle of attack and Mach number f ( CC ,M). They are 



Cy . , Gy , Cy, . t Cy, , Cy., Cy , Cy , C . , C , C . , C , C , 

L * L L) „ D L q 1 i m c* m no n n 
“71 q 1 Srp q 13 r p 



C-^ , and C-^ . 
r p 



The dynamic coefficients are formed as: 

C = — (c .« t C q) 

L DYN 2V t L « q 



Cp ( C ^ q ) 

U DYN 2V t U(X - 



( Cy r + C Y p + C v • £) 
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Y DYN 2V t ^ Y r X ' " Y p " ' '^3 
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r + C 


DYN 


2V t n 6 
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The total coefficient build up is summarised below. 
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+ AC ( n)+ — 
ST 2V m 
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m III • m Q m 
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x m • m ~ 
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C = C +AC (T)+AC (C) + TT~( c n 3 + C n r+C n p) 

n n ba si c n ST 5 n ST 2V T n £ n r n p 

CL = C 1 < +AC 1 ( C )+aC 1 (c)+ 7^ — f C 1 r+C n p) 



"basic ST 
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C. MISSILE LINEARIZED EQUATIONS OF MOTION 



The linearized equations of motion used to design the 
missile autopilot are presented in this section. The equations 
are linearized about the cruise flight condition. 

1 . Additional Assumptions for Linearized Equations 

The additional assumptions required for linearized 
equations are as follows: 

a) Derivatives are given in stability axes which 
are fixed for the missile low level cruise condition. 

b) Standard small perturbation assumptions apply. 

1) Perturbed angles are small. 



32 



2) Products of perturbed variables are neglected. 

3) There is no coupling between longitudinal 
and lateral directional motions. 

c) Thrust derivatives are neglected. 

d) The steady state condition is chosen as low 
level straight and level cruise. 

2 . Linearized Equations Summarized 

The linear equations of motion in state variable 
form are shown in Tables 2-1 and 2-2. The following 
coefficients are defined as used in Table 2-2. 



A = 



I I 
zz xz 

I I -I ' 

ZZ XX xz 



B = 



I 

XX 



I 

xz 



C = 



I I 

XX xz 



I I -I ' 

ZZ XX xz 



D 



I 

zz 



I 



xz 



3 . Definition of Stability Derivatives 

The dimensional aerodynamic stability derivatives 
used in the equations of motion are defined by the following 
relations . 

a. Longitudinal Dimensional Stability Derivatives 



X U = " q SS 3 ^ C D u + 2C D 3S ) //mU SS 


1 /sec 


= q SS S ^ C L ss ‘ C D cc ' >//m 


ft/ sec 


X n = _q SS SC D 

n 


ft/ sec 


Z U = ~ q SS S ^ C L TJ + 2C L QS /mTJ SS 


1 /sec 
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Longitudinal Equations (Perturbed 
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b. Lateral Directional Dimensional 


Stability 


Derivatives 
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4. 


Trim Equations 








For straight and level flight 


at constant velocity 


the 


following variables are all zero: 


U = V = W=P=Q = R = 0 = T = <j> 
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The trim equations reduce to: 
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III. DEVELOPMENT AND SIMULATION OF THE MISSILE AUTOPILOT 



The missile is assumed to be equipped with an autopilot 
capable of providing closed loop control which consists of 
the following: 

a) normal acceleration (n ) 

z 

b) lateral acceleration (n ) 

y 

c ) bank angle ( <j> ) . 

In addition, an outer closed loop control, which serves 
as the outer autopilot, is as follows: 

a) altitude (H) 

b) vertical flight path angle (y) 

These two outer loops are employed as required during certain 
phases of the attack mission. 

It is assumed that the missile possesses accelerometer 
sensors in the y and z body axes located at the missile 
center of gravity, rate gyros and rate integrating gyros 
about the x, y, and z axes, and a radar altimeter. Sensor 
noise is neglected in this simulation. 

A. AUTOPILOT INNER LOOP REQUIREMENTS AND DESIGNS 
1 . Description of the Autopilot Inner Loops 

The autopilot is assumed to employ three inner loops 
as depicted in Table 3-1 . 
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TABLE 3-1 



Autopilot Inner Loop Description 



LOOP 



COMMANDED CONTROL CONSTRAINTS 

VARIABLE 



1 Normal n (normal 

Acceleration 

Command acceleration) 



n 



-15 



o 




< 



15 



o 



Elevator 



-2 




4 



2 Bank 
Angle 
Command 



4 

(Bank Angle) 



K 

Aileron 



-1 5° - K - 1 5° 

< 1 > ^ 60 °# 

p * 50,100, 200°/sec 



3 Turn 

Coordinator 



n (Lateral t 

y 

Acceleration) Rudder 



-15° < c < 15° 

N = 0 

y 



* Applies in certain mission phases only 
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2 . Normal Acceleration Command System 



The purpose of normal acceleration command (NAC) 

system is to provide a vertical load factor (n ) response to 

a commanded load factor (n ). An accelerometer is used to 

z c 

provide the primary feedback and a rate gyro is used to 
provide inner loop pitch rate feedback for improved damping. 

a. Block Diagram 

The block diagram of the normal acceleration 
command autopilot is shown in Figure 3-1 . Limiter a allows 
the commanded acceleration to a range from -2.0 to +4.0 g's. 
Limiter b allows the elevator control to vary from -1 5 
degrees to +15 degrees. 

b. Assumptions 

1 ) The rate gyro and accelerometer dynamic lags 
are negligible. 

2) The accelerometer is mounted at the center 

of gravity. Therefore the moment arm is zero and the 

feedback load factor is totally n . (C=0) 

z 

3) The fix servo can be represented by a first 

order lag. 

4) The missile dynamics can be represented by 
a short period approximation. 

5) Commanded normal acceleration is limited fro 
-2.0 to +4.0 g’s. 

c. Design 

The following transfer function was developed 
from equation (11): 



39 





CO 


CD 


o 


rH 


•H 


•H 


£ 


CO 


cd 


CO 


G 


•H 


>> 




Q 




G 

o 

-P 

•H 

G 

O 

CO 

CD 

Q 

-p 

o 



•H 

a 

O 

-P 

< 

TZJ 

G 

cd 

S 

£ 

O 

O 

G 

O 

•H 

-P 

cd 

G 

CD 

rH 

CD 

O 

o 

< 



cd 

£ 

G 

O 

523 



1 

CD 

G 

G 

tuo 

*H 



40 





Q ( s ) _ 

nTsT ’ 



V T M n+ Z n M^)s + (M g Z n -Z g M n ) 

V-{s 2 -(M +Z +M-) s + (Z;M -Mq.) , 

i q °c ^ oc Q j 



From this transfer function and equation (10a) 



n 

z 




(Q-i ) 



the following 0 to n 

z 



transfer function was obtained. 



N (s) V„ -Z s 2 +(M Z+ZM* ) s+ ( M Z -Z M ) 
z _ T r) q q r) g Xoc r| <^ri 

0 ( s ) g ( VmM +Z M. ) s + ( M Z -Z M ) 

lqqoc ocriocj-) 

Utilizing the characteristics listed in Appendix A 
for this cruise missile at 0.75 Mach number, the above transfer 
functions become 



Q ( s ) = -26. 99 ( s + 1 .009) and ' = -0.08(s 2 +0.1 985s-328.9) 

n(s) s 2 +1 .289s+27.13 Q(s) (s+1. 009) 

Evaluating the characteristic polynomial of 
the Q(s)/r|(s) transfer function yields the natural frequency 
of 0..829 Hz and a damping ratio of 0.1 237. The resulting 
block diagram for the normal acceleration command inner 
loop autopilot for analysis purposes is shown in Figure 3-2. 

( 1 ) Root Locus Evaluation . 

(a) Pitch Rate Loop. The transfer function 
for the pitch rate loop is: 
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Figure 3-2 Normal Acceleration Command Autopilot Block Diagram (Analysis) 






